INTRODUCTION
Physical activities that are unaccustomed and involve lengthening (i.e. eccentric) muscle contractions are known to induce structural changes in skeletal muscle, and result in a decline in force generating capacity as well as an overall reduction in muscle function (5) . This phenomenon is referred to as exercise-induced muscle damage, and is often documented by elevated concentration of intracellular proteins (e.g., creatine kinase or myoglobin) in blood plasma (5) . A limitation of this approach is that plasma protein levels do not provide information about which muscle group(s) is affected by the exercise. In contrast, measures of muscle soreness, muscle pain sensitivity and muscle strength comprise information regarding the effects on distinct muscle groups. In addition, eccentric exercise is accompanied by processes that ultimately result in muscle swelling and edema, which can be localized to specific muscles and quantified based on relative increases in muscle cross-sectional area (mCSA) and prolonged transverse relaxation time (T2) using magnetic resonance (MR) imaging techniques (5; 30; 35) .
Overall muscle function is influenced by numerous factors, one being the ability to deliver and distribute blood flow (i.e., O 2 delivery) to match local metabolic demand in the muscle.
Eccentric contractions of distinct muscle groups have been shown to result in stiffening of carotid arteries, suggesting an effect of local muscle damage on central vascular function (2) .
However the effect of muscle damage has been proposed to be greater on microvascular compared with macrovascular function (2) . While studies have provided evidence of altered structure of the microvasculature after eccentric exercise (22; 23; 25; 26) , it is unclear to what extent these structural changes translate into altered function of the microvasculature. Regulation of blood flow during continuous muscle activity is, indeed, complex and involves a variety of stimuli for hyperemia that may assist in maintaining blood flow via compensatory mechanisms (4; 7) . While the hyperemic response at the onset of exercise may be an important initiating event to exercise hyperemia, the mechanisms that initiate the hyperemic response to a single contraction may differ from those that maintain blood flow in skeletal muscle (4; 7; 9) .
Blood flow increases rapidly in response to a brief, single contraction, and multiple mechanisms have been proposed to contribute to the hyperemic response (6; 7; 9; 38) . Notably, examining the hyperemic response to a brief, single contraction eliminates confounding effects of continuous stimulus for hyperemia (due to repeated contractions) or significant changes in muscle oxidative metabolism, and thus provides a tool to evaluate vascular reactivity (3; 9; 27; 43) . Traditionally, this approach has been used to assess the hyperemic response in large arteries (primarily the brachial artery) with the use of Doppler ultrasound (3; 6; 7; 9) . However, the hyperemic response to brief contractions has recently been evaluated in the microvasculature of skeletal muscle using blood oxygen level dependent (BOLD) MR imaging (11; 33; 36; 37; 39; 41; 42) .
The BOLD method relies on the principles that T2 of water protons inside or in the vicinity of small blood vessels is influenced by the oxygenation status of hemoglobin, as oxygenated and deoxygenated hemoglobin possesses different magnetic properties. Specifically, an increase in the microvascular ratio of oxyhemoglobin to deoxyhemoglobin results in an increase in BOLD signal intensity in T2-weighted images (11; 24; 41) . A single contraction elicits a transient increase in BOLD signal intensity, which reflects that oxygen, spatially and temporally, is delivered in excess of the O 2 required to restore the small phosphocreatine (PCr) breakdown during the brief contraction (41; 42) . As this phenomenon primarily results from an increase in oxygen saturation and blood volume in the smaller vessels, the time course of the BOLD response has been interpreted to reflect microvascular reactivity (39; 41).
Many activities involve brief bursts of muscle activity, which emphasizes the physiological significance of the ability to rapidly augment blood flow to match O 2 delivery to O 2 demand. So far, little is known about the effects of eccentric exercise on microvascular reactivity in human skeletal muscle. Therefore, the aim of this study was to examine in vivo microvascular function using BOLD MR imaging during brief maximal voluntary contractions of the dorsiflexor muscles before and after (24 h and 48 h) eccentric exercise. It was hypothesized that the eccentrically exercised tibialis anterior (TA) muscle would exhibit an altered hyperemic BOLD response, specifically 1) increased time-to-peak (TTP), mirroring slowed vasodilation, 2) lower peak magnitude, reflecting reduced total vasodilator capacity, and 3) prolonged time to half relaxation, indicative of altered matching of O 2 delivery to O 2 utilization in the exercised muscle tissue.
METHODS

Participants
Fourteen healthy, young men (n = 7) and women volunteered to participate in the study. A preliminary screening session was used to confirm that participants were non-smokers, and not taking any medications or dietary supplements known to affect metabolism or blood flow. All participants were recreationally active, but did not engage in strength training of the lower body.
Regular physical activity did not exceed 3 h per week, which was verified by the short form of the International Physical Activity Questionnaire (8) , where scores were converted to Metabolic Equivalent Task minutes per week (MET-min week -1 ). Volunteers were screened for metal implants to ensure that they were able to undergo MR procedures. Experimental procedures and potential risks of the study were explained to all participants, who then provided informed consent, as approved by the local ethical committee (N-20130029) and in accordance with the declaration of Helsinki.
Experimental Protocol
Participation in the study involved one habituation session and four experimental sessions. On the first visit (habituation), participants were resting in a chair for 10 min after which blood pressure was measured twice (Omron M4-I, Omron Matsusaka, Japan), separated by 1 min of rest, and the lowest reading was used for further analysis. Participants then practiced brief maximal voluntary contractions (MVCs) of the dorsiflexor muscles, of both legs, to ensure that these contractions could be performed consistently, as this was an integral part of assessing microvascular function during the MR sessions. The third session involved an exercise protocol consisting of lengthening contractions of the dorsiflexor muscles, previously shown to result in moderate degree of delayed onset muscle soreness (18; 19) . The second (baseline, 24 h preeccentric), fourth (24 h post-eccentric) and fifth (48 h post-eccentric) sessions involved acquisition of MR images to determine mCSA, T2, and microvascular function of the TA muscles in both legs.
To standardize conditions, sessions 2 to 5 were performed at the same time of day for each participant. Further, participants were asked to avoid strenuous physical activity 24 h prior to the first MR session and for the remaining duration of the study (i.e., another 72 h). In addition, to avoid effects of food and caffeine on blood flow and muscle function, participants were instructed to be fasted for at least 4 h prior to sessions 2 to 5, and abstain from caffeine from the night before each of these sessions.
Muscle strength and force recordings
Participants were positioned supine with the foot secured to a custom-built footplate (fixed at a 120º angle) using a nylon strap with Velcro closures. The footplate was connected to a force transducer (SSM-AJ-1000, Interface, Scottsdale, AZ, USA) and the signal from the force transducer was amplified, filtered (Butterworth second order low pass filter), sampled at 500 Hz, and stored on a computer. The footplate device was built in non-magnetic materials allowing force measures to be obtained while the participants performed MVCs in the MR scanner.
Eccentric exercise protocol
The eccentric exercise protocol consisted of controlled lengthening contractions of the dorsiflexor muscles of the experimental leg (18; 19) , which was randomized and counterbalanced, such that half of the participants performed contractions with the right leg, while the other half used the left leg. Participant stood on a 13 cm high platform placed 45 cm from a wall. The foot of the experimental leg was secured to a footplate that was attached to the platform via a hinge, allowing free dorsiflexion and plantarflexion. The palms of the participant's hands were placed flat on the wall at shoulder level for support during the contractions. The non-experimental leg (i.e., control leg) was lifted off the platform by flexing at the hip and knee, and thus transferring to single leg stance on the experimental leg side. Then, the participant performed a controlled plantarflexion of the foot and ankle (requiring lengthening of the TA muscle) until the footplate touched the floor. At this point, the control leg was extended until weight bearing and used to assist in returning the participant to the initial starting position. This process was repeated 10 times per set separated by 30 s of rest, and continued until the participant was unable to perform controlled, lengthening contractions. As the efficacy of this protocol various across individuals (18; 19) , participants performed between 3 and 5 sets.
Muscle soreness
To evaluate progression of soreness in the TA muscle of the experimental leg, participants filled out a modified Likert scale questionnaire (0: no soreness, 6: severe soreness) at baseline and every 12 h for the first 2 days after the eccentric protocol and then every 24 h for the following 4 days (18) . In addition, a measure of pain pressure threshold (PPT) was obtained from the belly of the TA muscle using a handheld ergometer (Somedic, Horby, Sweden) with a 1-cm 2 probe. The ergometer was oriented perpendicular to the muscle and pressure stimulation gradually increased (30kPa s -1 ) until PPT was reached. Via a push button, participants were instructed to indicate PPT when pressure sensation became painful. The PPT procedure was repeated twice at baseline, 24 h post and 48 h post. The averages of these measurements were used for further analyses.
Magnetic resonance imaging
All MR imaging acquisitions were performed using a standard, 14-cm diameter GE clinical extremity coil on a 3T Signa GE imaging system (GE Healthcare, Milwaukee, WI, USA).
Participants were positioned supine in the MR scanner with the foot secured to the force recording apparatus, as described above. The extremity coil was positioned around the lower leg with the belly of the dorsiflexor muscles in the center of the coil. This position was marked with a pen on the participant's leg and used for identical positioning during subsequent sessions. To limit motion artifact and participant discomfort during the MR session, padding was placed around the leg and knee. Prior to the first MR scan in each session, participants rested supine in the scanner for approximately 15 min.
At the start of each MR session, gradient echo images were acquired in 3 planes, and all subsequent images were acquired from the slice location corresponding to the center of the coil.
T2-weighted axial images [TR = 1500 ms, TE = 24 ms, number of echoes = 4, FOV = 18 cm, Slice thickness = 10 mm, Slice gap = 1 mm, Acquisition matrix 320 x 224, NEX = 1] were acquired to determine CSA and T2 of the TA muscle using commercial software (AW server 2.0, GE Healthcare, Milwaukee, WI, USA). In brief, mCSA was determined by manually outlining the TA muscle compartment, while the transverse relaxation time was determined using T2 mapping in a large region-of-interest (ROI) within the TA compartment, excluding resolved vessels and subcutaneous fat. These analyses were done by the same investigator, who was blinded to the identity of the data.
Assessing microvascular function
Prior to assessing microvascular function using a MR BOLD protocol adapted from previous studies ( 
Statistics
Statistical analyses were done using SAS software (SAS Institute Inc., Cary, NC, USA). Threeway (sex, leg, session) repeated measures ANOVA were used to test gender-based differences in any markers of muscle damage. There were no significant effects of sex or any sex-by-leg or sex-by-session interactions. Therefore, data for subsequent analyses were collapsed across sex.
Two-way (leg, session) repeated measures ANOVA models were used to examine the effects on eccentric exercise on measures of muscle strength, mCSA, T2, PPT, force data from the BOLD protocol, and measures of microvascular function in the experimental leg and control leg (leg), across the three (baseline, 24 h, 48 h) testing sessions (session). Significant interactions effects were further explored with post-hoc pairwise comparisons using Tukey's procedure correcting for multiple comparisons. Muscle soreness (Likert scale) was analyzed using one-way repeated measures ANOVA with Tukey's post hoc tests. Associations between markers of muscle damage and changes in measures of microvascular function were assessed via Pearson's product-moment correlation coefficient. All data are presented as mean and standard deviation (SD) with statistical significance being accepted when P < 0.05. As measures of absolute reliability, coefficient of variation (CV) and intra class correlation coefficients (ICC) were calculated for all BOLD parameters in the control leg based on measurements acquired across all three testing days. Specifically, ICC (3, 1) was calculated using a two-way mixed effects model in SPSS (IBM Corp., Armonk, New York).
RESULTS
One of the 14 volunteers did not develop soreness or signs of damage in the TA muscle after eccentric exercise, as indicated by Likert scores equal to 0 (i.e., no soreness) and confirmed by no apparent decline in muscle strength. Therefore, the data from this participant is not included in the analyses. Participant characteristics are presented in Table 1 .
Muscle soreness and damage
Likert scores from the TA muscle of the experimental leg displayed a typical temporal profile for delayed onset muscle soreness with peak levels between 24 h and 48 h, and soreness values returning to baseline levels after 120 h ( Figure 2 ). The ANOVA revealed significant main effects by leg (P < 0.01) and session (P < 0.002) but no interaction effect (P < 0.89) for PPT. Relative to baseline, PPT was reduced to 85.2 ± 20.6 % (24 h) and 86.9 ± 24.6 % (48 h) in the experimental leg, which was not different from changes in PPT in the control leg, 86.0 ± 15.2 % and 90.9 ± 22.3 %, respectively. There were significant main effects by leg (P < 0.001) and session (P < 0.04) and an interaction effect (P < 0.02) for muscle strength. Compared with baseline, muscle strength was reduced by approximately 20% at 24 h (P < 0.01) and 48 h (P < 0.04) in the experimental leg, while muscle strength was maintained in the control leg (Figure 3 ).
There were significant main effects by leg (P < 0.001) and session (P < 0.01) and an interaction effect (P < 0.04) for T2 ( Figure 3) . Compared with baseline, T2 was elevated at 24 h (P < 0.01) and 48 h (P < 0.02) in the experimental leg, with no changes in the control leg.
Similarly, there were significant main effects by leg (P < 0.001) and session (P < 0.01) and an interaction effect (P < 0.02) for mCSA, such that mCSA in the experimental leg, but not in the control leg, was increased at 24 h (P < 0.004) and 48 h (P < 0.02) compared with baseline ( Figure 3 ).
Contractions during the BOLD protocol
The ANOVA revealed no significant main effects or interaction effect on duration and or contraction level (% MVC) during the brief contractions used to evoke the BOLD responses (Table 2) . However, there were main effects by leg (P < 0.004) and session (P < 0.005) and an interaction effect (P < 0.008) for TTI. Compared with baseline, TTI was unchanged in the control leg, but reduced in the experimental leg at 24 h (P < 0.002) and 48 h (P < 0.004), consistent with the overall decline in muscle strength at these time points. participants. In addition, BOLD data at 24 h are missing in one participant (control and experimental leg), due to technical problems. The ANOVA revealed main effects by leg (P < 0.006) and session (P < 0.008) and an interaction effect (P < 0.02) for TTP of the BOLD response ( Figure 4) . Compared with baseline, TTP was prolonged at 24 h (33%, P < 0.01) and 48 h (36%, P < 0.006) with no changes in the control leg. There were significant main effects by leg (P < 0.001) and session (P < 0.02) and an interaction effect (P < 0.009) for time-to-half recovery of the BOLD response ( Figure 4) . Specifically, compared with baseline, time-to-half recovery was prolonged at 24 h (25%, P < 0.005) and 48 h (21%, P < 0.01) in the experimental leg with no changes in the control leg. There were no significant main effects or interaction effects for peak magnitude of the BOLD response ( Figure 4 ). The CV of peak magnitude, TTP and time-to-half recovery for the control leg across the three testing days was 18.2%, 11.4% and 7.0%, respectively. The ICC (3, 1) of peak magnitude, TTP and time-to-half recovery for the control leg, across the three testing days, was 0.26, 0.29 and 0.20, respectively.
Microvascular function
Associations between markers of muscle damage and changes in microvascular function
Changes in TTP were associated with declines in muscle strength (r 2 = 0.41, P < 0.02, N = 12 Figure 5 ), such that greater loss of muscle strength was associated with longer TTP, 48 h after eccentric exercise. There were no other significant associations between other markers of muscle damage and changes in parameters of microvascular function after eccentric exercise.
DISCUSSION
The primary result of this study is the altered contraction-induced hyperemic response of the microvasculature following unaccustomed, eccentric exercise. Specifically, despite no change in peak magnitude, time-to-peak and half recovery time of the BOLD response to brief, maximal contractions were prolonged at 24 h and 48 h after eccentric exercise. These results indicate that moderate degree of exercise induced muscle damage slows vasodilation of the microvasculature, and alters the matching of O 2 delivery to O 2 utilization in response to brief contractions. Thus, these findings suggest that eccentric exercise may reduce the ability to rapidly augment blood flow (to match O 2 delivery to O 2 demand) at exercise onset and during activities with intermittent muscle activity bursts, which ultimately may impair muscle function.
Prolonged TTP after eccentric exercise
Monitoring the hyperemic responses to brief contractions using MR BOLD imaging provided high temporal and spatial resolution, and allowed examining distinct components of the hyperemic response in the microvasculature of the eccentrically exercised muscle tissue. Further, this approach eliminated the influence of continuous stimulation of the vasculature and changes in muscle oxidative metabolism, and thus examined contraction-induced microvascular responsiveness specifically (3; 6; 9). Prior to the eccentric exercise, characteristics of the BOLD response were comparable to results from previous studies that have used a similar approach to examine microvascular function in the TA muscle of healthy, young adults (33; 39; 41; 42).
In the present study, prolonged TTP (~35%) in response to brief contractions was found at 
Mechanisms for rapid vasodilation
The increase in blood flow in response to a single, brief contraction is thought to be due to local vasodilation. However, the mechanisms for the rapid vasodilation have not been fully elucidated, yet mechanical factors as well as release of vasodilators from contracting skeletal muscle cells and the endothelium have been proposed to contribute (4; 7; 10). Notably, most studies examining the underlying mechanisms of the hyperemic response to brief single contractions have been conducted in the upper extremity, which questions the extrapolations of findings in the arms to the vasculature in the lower leg (10) . However, a recent study reported similarities between the hyperemic responses to single contractions in the brachial and femoral arteries, suggesting similar vascular control during brief contractions in the upper and lower extremities (10) . In the present study, participants were positioned supine in the MR scanner while performing the brief contractions, which prevented an increase in hydrostatic pressure in the lower leg and thus diminished a possible muscle pump contribution to the hyperemic response (10) . Collectively, these results suggest that the BOLD response to brief contractions, as used in the present study, primarily is influenced by factors related to function of the endothelium and smooth muscle in the microvasculature.
Inflammation and effects on vasodilation
Strenuous exercise involving eccentric muscle contractions is associated with inflammation and elevated oxidative stress (23; 40), which acutely can impair nitric oxide (NO)-mediated vasodilator function (21) . There is evidence to suggest that even low levels of oxidative stress can contribute to altered vascular control in sedentary young adults (32) . Specifically, scavenging of ROS via enhancing antioxidant capacity by intra-arterial infusion of ascorbic acid resulted in increased vascular responsiveness to acetylcholine and nitroprusside, endothelial and vascular smooth muscle agonists, respectively (32) . Thus, the inflammatory processes accompanying eccentric exercise may lower NO-bioavailability and impair endothelial function and vascular smooth muscle responsiveness, which possibly could contribute to delayed onset vasodilation of the microvasculature. Notably, the present study was not designed to investigate the contribution of various mechanisms to the altered BOLD response after eccentric exercise.
Therefore, future studies are warranted to investigate the underlying mechanisms for blunted microvascular reactivity after eccentric exercise.
Prolonged time-to-half recovery of BOLD response
While peak magnitude of the BOLD response to brief, maximal contractions has been reported to be three-fold greater in trained compared with untrained young adults (42), the unaltered peak magnitude in the present study suggested no apparent decline in overall vasodilator capacity to a brief contraction after eccentric exercise. However, the time-to-half recovery of the BOLD response was prolonged (~23%) 24 h and 48 h after eccentric exercise. Considering that the highlighting the intricate and complex interaction between indices of muscle damage and microvascular function. Notably, the eccentric protocol used in the present study elicited relatively small changes in markers of muscle damage, muscle pain sensitivity, and measures of microvascular function, which will limit the ability to establish significant associations, particularly in combination with a relatively small sample size. While gender differences in exercise induced muscle damage have previously been reported, no gender-based differences were found in any markers of muscle damage. It is possible, however, that potential differences between genders were masked due to the small sample size used in the present study. While CVs of BOLD parameters in the control leg, across testing days, were relatively good (7-18%),
ICCs (3, 1) showed poor absolute reliability (<0.40). Although, there was no effect of time on the BOLD response in the control leg, it is possible that systemic effects (due to the eccentric exercise) influenced measures of absolute reliability, as these measurements were acquired across all three testing days.
The MR BOLD technique used to evaluate microvascular function in the present study does not allow absolute quantification of perfusion or blood flow. However, a significant strength of this non-invasive methodology is the high temporal and spatial resolution of the acquired MR images. Specifically, the temporal resolution of the BOLD response captures distinct components (i.e., time-to-peak, peak magnitude, and time-to-half recovery) of the hyperemic response to brief contractions (33; 39; 41), which is essential when examining microvascular reactivity. In addition, the spatial resolution of the MR images allowed us to monitor the hyperemic response in a large, well-defined proportion of the TA muscle, and as such is representative of the majority of the muscle tissue involved in the eccentric exercise.
These features of the BOLD method are critical in monitoring skeletal muscle hyperemia, as heterogeneity exists within muscle tissue, with respect to dynamics of oxygenation as well as distribution of damaged tissue (13; 28; 30) .
Conclusion
These results show that eccentric exercise alters the hyperemic response of the microvasculature to brief muscle contractions. Specifically, time-to-peak and time-to-half recovery of the BOLD response were prolonged at 24 h and 48 h after eccentric exercise, Table 2 . Data are from 13 participants and presented as means ± SD. Post hoc (Tukey's procedure) significant differences (P < 0.05) between baseline and 24 h or 48 h after eccentric exercise are indicated by *. BOLD, blood oxygen level dependent; TTI, time tension integral; MVC, maximal voluntary contraction. 
